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© An analog-to-digital converter is provided with 
minimized metastability. Each of a plurality of bipolar 
comparators (13) provides from an analog data input 
a differential output signal. Each of a plurality of 
latch means (14, 15) provides from the signal of a 
corresponding comparator (15) a respective one of a 
plurality of preselected equal-step binary levels. 
Each latch means (14, 15) includes a dynamic latch 
(20) for sensing and amplifying a respective one of 
thesignals to CMOS level, a static latch (22), and 
transfer gate means (21) for transferring the respec- 
tive one of the signals from the dynamic latch (20) to 
the static latch only (22) if such signal is not 
metastable. As illustrated, each of a plurality of AND 
gates (30) three inputs that consist of combinations 
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of three adjacent binary levels that are output as a 
thermometer code by the plurality of latch means 
(14, 15) in combination for translating the data from 
thermometer code into a single one hot code. Each 
latch means (14, 15) also preferably comprises a 
second static latch (15) which receives the output of 
the first-mentioned static latch (22) to further de- 
crease the probability of metastability and feeds the 
thermometer code to the AND gates (30). The binary 
output of each latch means (14, 15) is input to the 
dynamic latch (20) of the adjacent latch means; and 
selectable binary scan data corresponding to a de- 
sired thermometer code or code sequence can be 
input under control of a scan clock for facilitating 
level sensitive scan design testing. 



STATIC 
LATCH 



L2 /"'■ 



DC 
LATCH 



_+OUT 
-OUT 



Xerox Copy Centre 



1 



EP 0 440 356 A2 



2 



ANALOG-TO-DIGITAL CONVERTER WITH MINIMIZED M ETAST AB I LITY 



The present invention relates to analog-to-digi- 
tai converters (ADCs) and more particularly to a 
high-performance low-power ADC and conversion 
method wherein soft error rate due to metastability 
is virtually eliminated and protection is provided 
against errors due to noise or propagation delays. 

Japanese application, Ser. No. 54-92061 pub- 
lished February 17, 1981, describes an ADC com- 
prising a bipolar transistor in combination with 
CMOS field effect transistors (FET) to provide high 
performance and low power consumption. More 
specifically, the output from a bipolar comparator is 
supplied by way of a single static latch and a two- 
input AND gate to the CMOS FET. This ADC does 
not address or improve soft error rate or 
metastability or provide protection against errors 
due to noise or propagation delays. 

An aim of the present invention is therefore to 
provide an ADC having a reduced error rate and an 
improved metastability. 

In accordance with the present invention there 
is now provided an analog-to-digital converter with 
minimized metastability, comprising: a plurality of 
bipolar comparators, each providing from an analog 
input signal a differential output signal; a plurality of 
latch means, providing from the output signal of a 
corresponding comparator a respective one of a 
plurality of preselected equal-step binary levels, 
characterised in that each latch means comprises: 
a dynamic latch for sensing and amplifying a re- 
spective one of said output signals to CMOS level; 
a static latch; and transfer gate means responsive 
to the output of the dynamic latch for transferring 
the respective one of said output signals from the 
dynamic latch to said static latch if such output 
signal is not metastable; and a plurality of AND 
gates for receiving the data from the latch means 
in the form of a thermometer code based on the 
binary levels and translating the thermometer code 
into a one hot code. Each latch means also prefer- 
ably comprises a second static latch which re- 
ceives the output of the first mentioned static latch 
to further decrease the probability of metastability 
and feeds the thermometer code to the AND gates. 
The binary output of each latch means is input to 
the dynamic latch of the adjacent latch means; and 
selectably binary scan data corresponding to a 
desired thermometer code or code sequence can 
be input under control of a scan clock for facilitat- 
ing level sensistive scan design testing. 

In a preferred embodiment of the present in- 
vention there is now provided an analog-to-digital 
converter with minimized metastability. Each of a 
plurality of bipolar comparators provides from an 
analog data input a differential output signal. Each 



of a plurality of latch means provides from the 
signal of a corresponding comparator a respective 
one of a plurality of preselected equal-step binary 
levels. Each latch means includes a dynamic latch 

5 for sensing and amplifying a respective one of said 
signals to CMOS level, a static latch, and transfer 
gate means for transferring the respective one of 
said signals from the dynamic latch to the static 
latch only if such signal is not metastable. As 

70 illustrated, each of a plurality of AND gates three 
inputs that consist of combinations of three adja- 
cent binary levels that are output as a thermometer 
code by the plurality of latch means in combination 
for translating the data from thermometer code into 

75 a single one hot code. Each latch means also 
preferably comprises a second static latch which 
receives the output of the first-mentioned static 
latch to further decrease the probability of 
metastability and feeds the thermometer code to 

20 the AND gates. The binary output of each latch 
means is input to the dynamic latch of the adjacent 
latch means; and selectable binary scan data cor- 
responding to a desired thermometer code or code 
sequence can be input under control of a scan 

25 clock for facilitating level sensitive scan design 
testing. 

A preferred embodiment of the present inven- 
tion will now be described, by way of example 
only, with reference to the accompanying drawings 
30 in which: 

Fig. 1 is a block diagram of an ADC embodying 
the invention; 

Fig. 2 is a block diagram in more detail of the 
latches shown in Fig. 1 ; 
35 Fig. 3 is a schematic diagram showing how the 
latches are connected to provide protection 
against errors due to noise or propagation delay; 
and 

Fig. 4 is a circuit diagram of the latches of Fig. 

40 2. 

As illustrated in Fig. 1, the ADC embodying the 
invention comprises a buffer summing amplifier 10; 
upper and lower reference voltage sources 11,12; 
bipolar comparators 13; L1,L2 latches 14,15; and 
45 an encoder 16. 

To facilitate understanding, the ADC as shown 
in Fig. 1 has 64 comparators 13, 64 L1 and L2 
latches 14,15, and a 64-to-6 encoder 16. 

Extending between upper and lower voltage 
so sources 11.12 is a resistor string comprising 64 
equal value resistors 17 that divide the voltage 
across the entire string into 63 equal voltage steps. 
Each of the 63 steps is connected to the reference 
input of a respective one of the comparators 13. 
The other input of each comparator 13 is con- 
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nected to buffer amplifier 10. 

The top and bottom of the resistor string are 
connected to the upper and lower reference volt- 
age sources 11,12, respectively. The DC voltage is 
thus maintained within a preselected small range. 
The upper and lower reference voltage sources 
11,12 supply approximately 2 v of reference volt- 
age across the resistor string to provide an ap- 
proximately 30 mv step at each resistor tap. The 
circuits are designed to have matched temperature 
coefficients so that the overall dependence on the 
temperature is minimal. 

Each comparator 13 is basically a two-stage 
differential amplifier. The first stage receives the 
analog signal from buffer amplifier 10, compares it 
with the reference voltage derived from the resistor 
string, amplifies it and sends it to the second 
stage. The second stage of each comparator fur- 
ther amplifies the signal and drives it to the inputs 
of a dynamic latch 20 (Fig. 2) forming part of the 
associated L1 latch 14. This second stage provides 
the same amplification as the first stage but with 
more driving capability to overcome parasitic ca- 
pacitance. 

The amplification gain of each comparator 13 
is chosen to guarantee that the output waveform 
will have an optimum rise time to trigger the dy- 
namic latch 20 (now to be described), without pay- 
ing the expense of high power dissipation. The 
output of each comparator 13 is a "1" if the input 
signal has a higher voltage than the reference 
voltage; otherwise the output is "0". 

Since the output of each comparator 13 will be 
a "1 " or a "0" depending upon whether the input 
signal is higher or lower than the reference voltage, 
the binary outputs of the comparators form a multi- 
level so-called "thermometer code". This thermom- 
eter code is converted by the L1 latches 14 into a 
"one hot code" to single out the transition point 
between the "1" and "0". Therefore, one and only 
one of the 63 binary voltage output levels of the L1 
and 12 latches is (barring an error) at a "1" or 
"hot". 

According to an important feature of the inven- 
tion, each L1 latch 14 and its associated L2 latch 
1 5 constitute a single macro. As best shown in Fig. 
2. each L1 latch 14 consists of dynamic latch 20 
followed by a transfer gate 21 and a static latch 22. 
Each dynamic latch 20 receives the data plus or 
minus output D from its corresponding comparator 
13. Dynamic latch 20 and static latch 22 are both 
triggered by the I ading edg of pulses from sepa- 
rate clocks C and B, respectively. The output Q of 
each static L1 latch 22 is fed to the input D of its 
corresponding L2 latch 15, which is a static latch. 
The output Q of each L2 latch is fed to encoder 16 
in the manner presently to be described. 

The combination of dynamic and static latches 



20,22 substantially reduces the possibility of 
metastability. The combination of the L1 and L2 
latches further significantly reduces and virtually 
eliminates metastability because the overall prob- 
5 ability of metastability is equal to the metastable 
probability of the L1 latch times that of the L2 latch. 

According to another important feature of the 
invention, and as illustrated in Fig. 3, errors due to 
noise on the resistor string or differences in propa- 
10 gation delays through the stages of the compara- 
tors 13 are minimized by inserting a three-way 
AND gate 30 between each L2 latch 15 and the 
encoder 16. (To simplify the drawings, these AND 
gates 30 are not shown in Fig. 1). These AND 
75 gates 30 assure that no more than a single one hot 
code input will be sent to encoder 16, in the 
following manner. One output of each L2 latch 15 is 
connected across to a respective one of the AND 
gates 30 and the other output of each L2 latch 1 5 
20 is connected in parallel to two other respective 
AND gates 30 that are immediately to one side of 
that to which said one output is connected. 

Initially, assume that the inputs to each illus- 
trated 12 latch 15 (which inputs constitute part of 
25 the thermometer code) are as shown at the left of 
the respective latch. Under this assumed condition, 
the outputs of each illustrated latch 15 and the 
outputs of the respective AND gates 30 will be as 
shown, when all inputs and outputs in parentheses 
30 are disregarded. AND gates 30 will convert the 
thermometer code input to latches 15 into a one 
hot code output (he., a "1 -) in lead 31. 

Assume now that an error, due to noise on the 
string of resistors 17 or to differences in propaga- 
35 tion delays through the stages of comparators 1 3, 
causes an erroneous "1" input to latch 15a, as 
shown in parentheses, while the inputs to the other 
latches remain as before. There will now be two 
latches 15a and 15b with "1" outputs separated in 
40 the string by latch 15c with a n 0 w output. Despite 
this error, the interconnected three-way AND gates 
will assure that there will be only a single one hot 
code output to the encoder 16, this time in lead 32. 
This follows from the fact that the now "1 B output 
45 of latch 15a will cause AND 30a to output a "1", 
while the now "0" output to AND 30b will change 
its output to "0". 

The error illustrated involved a false "1 n input 
to latch 15a, one latch in the string removed from 
so the true "1" input to latch 15b. Note that by con- 
necting each latch output to four (instead of three) 
adjacent four-way AND gates, the single one hot 
code output can be assured when a false *1 " input 
is two latches removed from the true "1" input. 
55 Similarly if each latch output is connected to five 
adjacent five-way AND gates, a single one hot 
code will be assured with "1 n inputs three latches 
15 removed. 
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As illustrated, the false "1" bit becomes the 
single one hot code output because the output 
selected will always be the higher of the two binary 
levels corresponding to the respective "1" bit in- 
puts to the latches 15. Thus, if the true input had 
been a "1 n to latch 15a and the 1 input to latch 
1 5b was false, then the single one hot code output 
would be in lead 32, corresponding to the true 
input Irrespective, since there are 63 binary levels, 
any slight difference between the true and false 
outputs will be minimal; whereas without this error 
protection feature, large decoding errors could oc- 
cur if there is more than one hot line input to 
encoder 16. 

Thus the input analog signal will have been 
quantized into one of the 63 levels and converted 
into one hot code corresponding to that one level. 
Interconnecting the L2 latches with these AND 
gates in the manner just described thus assumes 
that only a single one hot code output will be fed to 
and encoded by encoder 16 into a six-bit two's 
complement binary number. 

According to another feature of the invention 
and as best shown in Fig. 1, the combination of the 
L1 latch 14 and L2 latch 15 can desirably be used 
as a scan latch to perform a level sensitive scan 
design for debugging and testing the entire ADC 
design. To conduct such a test, scan data as a 
series of "Vs" or n 0*s" is input at SI to that 
dynamic latch of L1 latch 14 which is connected to 
the comparator 13 at one end of the string during 
successive cycles of a scan clock A; and this data 
is then output from the corresponding L2 latch 15 
as a scan data input SI for the adjacent dynamic 
latch. In this manner, scan data can be caused to 
correspond to any desired thermometer code value 
or sequence of such values to test and assure that 
only one hot code will be output to the encoder 16. 

The preferred configuration and operation of 
the L1 and L2 latches will now be described. As 
illustrated in Fig. 4 and to facilitate understanding, 
p-channel field effect transistors (PFETs) are de- 
picted with a diagonal slash; n-channei FETs 
(NFETs) are depicted without the slash; and FETs 
of either type are designated with the prefix T for 
brevity. 

Each L1 dynamic latch 15 comprises T1-T13 
and TL. T1 and T2 are connected to positive volt- 
age source VDD and receive the positive and neg- 
ative data inputs constituting the differentia! output 
voltage of an associated comparator 13. T3, T4, T5 
and T6 are cross-coupled as shown and constitute 
a latch and regenerative amplifier. TL is a current 
source clocked by clock C. T9, TtO, T11 and T12 
constitute buffers that receive the outputs of the 
amplifier T3-T6. T13 constitutes an equalizing 
means. 

In operation, during a clock cycle, if clock C is 



low (at ground level), T7 and T8 will precharge 
nodes A and B, respectively, to the full VDD level. 
T13 will then be on to insure that the nodes A.B 
are at equal potential; and current source TL will be 

s off. The differential input voltage from the asso- 
ciated comparator 13 is converted to a differential 
current that is used to offset nodes A and B when 
clock C goes from ground to VDD level. 

Once current source TL, is gated on by clock 

to C, the offset differential voltage at nodes A and B 
will be amplified and restored to a digital value 
corresponding to full CMOS level, and further buf- 
fered by inverters T9, T10 and T11.T12. The out- 
puts from T9, T10 and T11,T12 are normally at 

75 ground level during the precharge mode of the 
clock cycle of clock C; hence T16 and T17 of 
transfer gate 21 will be off at that time. T16 or T17 
will be turned on only in response to a full CMOS 
level signal. 

20 With the amplifier T3-T6 of dynamic latch 20 in 

active mode, T16 or T17 and hence transfer gate 
21 will turn on or off depending upon the state of 
the amplifier output Hence the transfer gate 21 is 
self-timed, and no race condition can occur. Gate 

25 21 converts the differential outputs from amplifier 
T3-T6 to a single level, and also minimizes the 
possibility of a signal in a metastable state being 
passed to static latch 22. 

The sequentially connected inverter amplifier 

30 pair A1.A2 with feedback from A2 to A1 constitute 
a conventional static latch. The output from A2 is 
fed to T18 and T19. L2 clock B is connected to 
T18 and the input to inverter amplifier A3, the 
output of which is input to T19. T18, T19 and A3, 

35 as interconnected, thus constitute a transfer gate 
L1 to the inverter amplifier pair A4.A5 which, like 
A1 ,A2, are interconnected to constitute the L2 stat- 
ic latch 1 5. 

According to an important feature of the inven- 

40 tion, T3-T6 of the dynamic latch 20 are designed 
such that nodes A and B will be at a level that will 
cause both output buffers T9, T10 and T11.T12 to 
go to voltage level VDD if the offset signal is too 
small to be distinguished. If this condition occurs, 

45 L1 static latch 22 will be forced to a predetermined 
authorized, non-metastable logic level. As soon as 
the amplified signal is transferred by transfer gate 
21 from dynamic latch 20 to static latch 22, it will 
be ready to be transferred to L2 static latch 15 

so when triggered by the leading edge of the next 
pulse from clock B. 

As earlier noted, the latches L1 f L2 as com- 
bined drastically reduce the statistical probability of 
metastability in the thermometer code outputs to 

55 the respective AND gates 30. 

While the invention has been shown and de- 
scribed with respect to a preferred embodiment 
thereof, it will be understood by those skilled in the 
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art that changes in form and detail may be made 
without departing from the scope and teaching of 
the invention. Accordingly, the analog-to-digital 
converter and method herein disclosed are to be 
considered merely as illustrative, and the invention 5 
is to be limited only as specified in the claims. 

Claims 

1- An analog-to-digital converter with minimized io 
metastability, comprising: 

a plurality of bipolar comparators (13), 
each providing from an analog input signal a 
differential output signal; 75 



ing the dynamic latch (20) and the second 
static latch (15) to latch data at preselected 
edges of their respective clock pulses. 

5. An analog-to-digital converter as claimed in 
claim 1, including means sequentially linking 
the binary output of each latch means (14, 15) 
as input to an adjacent latch means (14, 15); 
and 

means including a separate scan clock for 
enabling input to the latch means (14, 15) of 
selectable binary scan data corresponding to a 
desired thermometer code or code sequence 
under control of the clock. 



a plurality of latch means (14, 15), providing 
from the output signal of a corresponding com- 
parator a respective one of a plurality of 
preselected equal-step binary levels, 20 

characterised in that each latch means (1 4, 
15) comprises: 

a dynamic latch (20) for sensing and am- 25 
plifying a respective one of the output signals 
to CMOS level; 

a static latch (22); and 

30 

transfer gate (21) means responsive to the 
output of the dynamic latch (20) for transferring 
the respective one of the output signals from 
the dynamic latch (20) to the static latch (22) if 
such output signal is not metastable; and 35 

a plurality of AND gates (30) for receiving 
the data from the latch means (14, 15) in the 
form of a thermometer code based on the 
binary levels and translating the thermometer 40 
code into one hot code. 

2. An analog-to-digital converter as claimed in 
claim 1, wherein the latch means (14, 15) 
comprises: 45 

a second static latch (15) for receiving the 
output of the static latch (22) and for feeding 
the thermometer, code as the input to the AND 
gates (30). so 

3. An analog-to-digital converter as claimed in 
claim 1 or claim 2, wherein the dynamic latch 
(20) latches data at a preselected edge of a 
sampling clock pulse. 55 

4. An analog-to-digital converter as claimed in 
claim 2, including separate clocks for trigger- 



6. An analog-to-digital converter as claimed in 
claim 2, wherein the latch means (14, 15) 
comprises: 

means sequentially linking the binary out- 
put of each second static latch (1 5) as input to 
an adjacent dynamic latch (20); and 

means including a separate scan clock for 
enabling input to the dynamic latch (20) of 
selectable binary scan data corresponding to a 
desired thermometer code or code sequence 
under control of the scan clock. 

7. An analog-to-digital converter as claimed in 
claim 1 , including means for. 

encoding the data from the one hot cod 
into a preselected number of binary bits cor- 
responding to the one hot code. 

8. An analog-to-digitai converter as claimed in 
any preceding claim, wherein only a single one 
hot code will be output from the AND gates 
(30) so long as two M 1 " outputs from the latch 
means (14, 15) are not more binary levels 
apart than the preselected number of AND 
gate inputs less two. 

9. A method of converting analog data to digital 
comprising the steps of: 

using a plurality of bipolar comparators, 
providing from analog input data a plurality of 
differential output signals; 

sensing and amplifying to CMOS level 
each output signal using a respective edge- 
triggered dynamic latch for providing a ther- 
mometer code; 

transferring each output signal from a re- 
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spective dynamic latch to a corresponding 
static latch only if such signal is not metasta- 
ble; and 

providing a plurality of AND gates, each s 
having three inputs, one from each of three 
different combinations of static latches for con- 
verting the thermometer code to one and only 
one hot code for minimizing errors in the ther- 
mometer code due to noise or propagation w 
delays. 

10. The method as claimed in claim 10, including 
the step of. 

75 

transferring each output signal from the 
corresponding static latch to another static 
latch further to reduce the probability of 
metastability, and wherein the outputs from 
theother static latches are the inputs to the 20 
AND gates. 
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